Background. It has been proposed that hepatitis B virus (HBV) sub-genotype A1 infections have mild outcomes and a low risk of drug-resistance among patients infected with human immunodeficiency virus (HIV) receiving lamivudine-containing antiretroviral therapy (ART) without tenofovir in Africa.
patients and indicate that effective management of co-infection requires maximal suppression of HIV and HBV replication, typically with antiretroviral therapy (ART) regimens containing tenofovir plus lamivudine or emtricitabine [3, 4] .
Although regional differences are marked, high HBV coinfection rates-in some areas exceeding 10%-have been observed in HIV-positive adults in sub-Saharan Africa [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , mirroring high-endemicity levels in the general population [17] . Yet, HBV screening is not systematically performed and ART remains "HBV-blind" across much of the region [8, 12, 15, 16, 18, 19] . Recommended ART regimens have traditionally comprised zidovudine or stavudine with lamivudine plus nevirapine or efavirenz. Although access to tenofovir is increasing [20] , it remains far from universal. As a result, large numbers of HIV/HBV coinfected patients in sub-Saharan Africa have for years received lamivudine as the sole HBV-active agent [8, 12, 15, 16, 18] .
Treating HBV with lamivudine alone carries a risk of virologic breakthrough with selection of HBV drug resistance, high HBV DNA levels, and progression of liver damage [3] . In Western cohorts of HIV/HBV coinfected patients the incidence rate of HBV resistance is approximately 20% per year [21] [22] [23] . Data from sub-Saharan Africa are conflicting. Some investigators have suggested that treatment outcomes in the region are distinct from those observed in Western cohorts [11, 12, 15, 16] , possibly reflecting the circulation of HBV variants such as sub-genotype A1 that are unique to Africa [24] . Studies to date have used Sanger sequencing for detecting HBV drugresistant mutants, which can underestimate resistance rates. To gather more evidence, we investigated the virologic expression of HBV sub-genotype A1 infection in HIV-positive adults starting lamivudine-containing ART without tenofovir in Malawi and used multiple sequencing methodologies for the sensitive characterization of treatment-emergent drug resistance.
METHODS

Study Population
Subjects starting fixed-dose stavudine/lamivudine/nevirapine in 2007-2009 at the Queen Elizabeth Central Hospital (QECH) of Blantyre entered a prospective study evaluating ART outcomes. Indications for starting ART were a CD4 count <250 cells/mm 3 or World Health Organisation (WHO) stage 3/4 disease. Sampling was scheduled at baseline and after 6 and 12 months of ART. Nonattendances at 6 months were traced by telephoning the patient or the patient's named next of kin and checking medical records. Reasons for nonattendance at 12 months were not recorded. CD4 cell counts were measured in the QECH diagnostic laboratory as part of routine care. Alanine transaminase (ALT) levels were not part of routine testing and were measured in the local Malawi-Liverpool Wellcome Trust research laboratory. Serum and plasma were stored at −80°C prior to transport to the United Kingdom for HBV serology and HIV and HBV virology testing. The College of Medicine Research and Ethics Committee and the Liverpool School of Tropical Medicine Ethics Board approved the study. Written informed consent was obtained from participants; the study was conducted in accordance with the principles of the Declaration of Helsinki. Patients with jaundice were excluded.
Serology
HBV testing was not part of routine care at QECH. Hepatitis B surface antigen (HBsAg) was tested retrospectively with the Bioelisa HBsAg assay (Biokit, Barcelona, Spain). HBVe antigen (HBeAg) and anti-HBe antibody were tested by Architect (Abbott Diagnostics, Maidenhead, UK).
Viral Load
HBV DNA was quantified by real-time polymerase chain reaction (PCR) as previously described [9] ; the assay lower limit of quantification is 14 IU/mL. Human immunodeficiency virus type 1 (HIV-1) RNA was quantified by the Real Time HIV-1 assay (Abbott Diagnostics); the assay lower limit of quantification is 40 copies/mL.
Population and Clonal Sequencing
Plasma samples with HBV DNA levels >50 IU/mL underwent Sanger sequencing of the HBV polymerase reverse transcriptase domain (amino acids 1-344) and genotyped as previously described [9] . For clonal sequencing, PCR products were purified using the Geneclean kit (MP Biomedicals, Santa Ana, California) and cloned in TOPO XL vectors (Life Technologies).
Deep Sequencing
Following extraction (QIAamp UltraSens Virus Kit, Qiagen, Crawley, UK), HBV DNA was amplified by Phusion HighFidelity DNA Polymerase (Finnzymes, Vantaa, Finland) using primers shown in the Supplementary Table. The 623 bp amplicon was purified (QIAquick PCR Purification Kit, Qiagen), analyzed for purity (Bioanalyzer DNA 7500 kit, Agilent Santa Clara, California), and quantified (Qubit dsDNA HS Assay, Life Technologies), prior to randomly shearing by sonication (median length 300 bp) and sequencing by Illumina GAII (San Diego, California). Sequence reads were adaptor-trimmed. Reads with quality scores <40 were discarded using the Quality Assessment of Short Read (QUASR) Pipeline [25] . Analysis (>3000 reads per nucleotide) was performed using Segminator II [26] .
Full-length Single Genome Sequencing
Following extraction, HBV DNA plated under limiting dilution was subjected to nested PCR amplification by Expand High FidelityPLUS PCR System (Roche, Basel, Switzerland) to produce a 3220 bp product. Amplicon-positive wells were identified by gel electrophoresis, and their DNA concentration was analyzed by Nanodrop 8000 (Thermo Fisher Scientific, Waltham, Massachusetts), prior to sequencing. By Poisson distribution, where 30% of PCR reactions yielded an amplicon there was an 80% likelihood that amplification had occurred from a single molecule. Amplification and sequencing primers are shown in the Supplementary Table. Analysis HBV resistance-associated mutations (RAMs) were classed as major (M204I/V/S, A181T/V/S, A194T, N236T) and compensatory (L80I/V, I169T, V173L, L180M/C, T184A/G/I/S, S202C/G/I, M250L/V) [27] . Deep sequences were screened for APOBECdriven G-to-A hypermutation using an in-house HYPERMUT algorithm (Supplementary file). Phylogenetic analyses (heuristic maximum likelihood) were performed using PhyML 3.0 (1000 bootstrap replicates) with tree reconstruction by FigTree v1.4. The Fisher exact test was used to compare the proportion of HBeAg-positive and HBeAg-negative subjects showing (a) HBV DNA >14 IU/mL, (b) HBV DNA >2000 IU/mL, and (c) HBV RAMs. The Wilcoxon-Mann-Whitney test was used to compare (a) HBV DNA levels in HBeAg-positive vs HBeAgnegative subjects, (b) HBV DNA levels in subjects with vs those without HBV RAMs, and (c) M204I frequencies in deep sequencing reads of samples with vs those without M204I/M by Sanger sequencing. The crude incidence of resistance was estimated as cases over person-time at risk, censored at the last available sample (42 at 6 months; 54 at 12 months). Statistical analyses were performed with SPSS version 21 (IBM, New York).
RESULTS
Baseline Characteristics
Among 1117 consecutive adults starting stavudine/lamivudine/ nevirapine, 133 (11.9%; 95% confidence interval [CI]: 10.0%-13.8%) tested HBsAg-positive (Table 1) . HBeAg-positive subjects (67/133, 50.4%) had higher HBV DNA detection rates (P = .0014), proportions with HBV DNA levels >2000 IU/mL (P = .0006), and median HBV DNA levels (P < .0001) than HBeAg-negative subjects (Table 2) . HBV genotypes were predominantly sub-genotype A1 (110/111, 99.1%) and rarely E (1/111, 0.9%).
Responses to Starting ART
Overall 96/133 (72.2%) subjects attended follow-up at 6 months and 54 (40.6%) also attended at 12 months. Reasons for nonattendance at 6 months comprised death (n = 10, 7.5%), transfer of care (n = 10. 7.5%), loss to follow-up (n = 9, 6.8%), treatment interruption (n = 7, 5.3%), and hospitalization (n = 1, 0.8%). Over the entire cohort of 1117 subjects, by 6 months 103 (9.2%) had died, 44 (3.9%) had transferred care, and 50 (4.5%) were lost to follow-up. Reasons for nonattendance at 12 months were not recorded. Based upon the last available follow-up after starting ART, 92/96 (95.8%) patients achieved HIV-1 RNA suppression <40 copies/mL, and 48/96 (50.0%) showed HBV DNA suppression <14 IU/mL; among subjects with persistent HBV DNA detection 47/48 (97.9%) had suppressed HIV-1 RNA levels. HBeAg-positive subjects continued to have higher HBV DNA detection rates, proportions with HBV DNA levels >2000 IU/ mL, and median HBV DNA levels than HBeAg-negative subjects (P < .0001 for all comparisons) ( Table 2 ). In this group, HBV DNA levels declined by median 4.5 log 10 IU/mL at 6 months but rebounded at 12 months. In contrast, most HBeAg-negative subjects achieved HBV DNA suppression.
HBV Drug Resistance
Sanger Sequencing At baseline, 0/120 subjects had HBV RAMs. At 6 months, 8/46 (17.4%) subjects showed the major RAM M204I/M; median HBV DNA levels were similar in subjects with vs those without detectable resistance (3.2 vs 3.8 log 10 IU/mL; P = .691). At 12 months, 18/19 (94.7%) subjects showed M204V accompanied by ≥1 compensatory RAM (L80I, V173L, L180M) and in 2 subjects by the major RAM A181S. Resistance rates among all patients in follow-up were 0/133 (0%), 8/96 (8.3%), and 18/54 (33.3%) at baseline, 6 months, and 12 months, respectively. Based upon 42 subjects with 6 months of follow-up (6 with resistance) and 54 subjects with 12 months of follow-up (2 with resistance at 6 months, 16 with resistance at 12 months), the crude incidence rate of resistance was 32.4 per 100 person-years.
Deep Sequencing
At baseline, 0/5 subjects had HBV RAMs. At 6 months, 16/17 (94.1%) subjects showed M204I, including 6 with M204I/M by Combining Sanger and deep sequencing data, among subjects with at least 1 follow-up visit, 24/96 (25.0%) acquired HBV RAMs, with significantly higher rates in HBeAg-positive vs HBeAg-negative subjects (23/47, 48.9% vs 2/49, 4.1%; P < .0001) and in patients with higher baseline HBV DNA load. Baseline HBV DNA levels were median 8.1 (interquartile range 7.1, 8.6) vs 5.3 (2.4, 7.7) log 10 IU/mL in subjects with vs those without treatment-emergent HBV RAMs, respectively (P < .0001).
Co-evolution of HBV RAMs
Clonal polymerase sequences and single full-genome sequences were obtained in 3 subjects at baseline and after 6 and 12 months of ART (Table 4) . HBV DNA levels declined in the 3 subjects after starting ART coinciding with the emergence of M204I and rebounded at 12 months coinciding with the detection on the same viral genomes of M204V plus compensatory RAMs (L180M, V173L). There was excellent correlation between Sanger and other sequencing results (Table 4) . Phylogenetic analysis of clonal sequences indicated replacement of M204I variants with M204V variants in 96%-100% of clones at 12 months (Figure 1) .
DISCUSSION
This study undertook a prospective characterization of the virologic expression of HBV infection in HIV-positive Malawians starting lamivudine-containing ART without tenofovir and is the first to our knowledge to employ deep sequencing to detail the emergence of HBV resistance to lamivudine in the context of HIV coinfection. At 12% HBsAg prevalence was among the highest in sub-Saharan Africa [5, [9] [10] [11] [12] [13] [14] [15] [16] , particularly for the Eastern region, and consistent with rates observed in HIV-positive and HIV-negative subjects in Malawi [6] [7] [8] 28] . Coinfected patients showed a HBV virologic profile indicative of a risk of liver disease: at study entry, half tested HBeAg-positive and half of those who tested HBeAg-negative had HBV DNA levels >2000 IU/mL. Over 12 months of stavudine/lamivudine/nevirapine, patients who attended follow-up showed excellent HIV-1 RNA suppression, consistent with good adherence to ART. In Table 2 . b HIV-1 RNA was detected in 3/96 (3.1%) subjects at 6 months (43, 77, and 219 copies/mL), and 3/54 (5.6%) subjects at 12 months (3673, 7300, and 11 538 copies/ mL). c The 1 subject with detectable HBV DNA (2.8 log 10 IU/mL) at 12 months showed a suppressed HIV-1 RNA.
d Samples with HBV DNA levels >50 IU/mL underwent Sanger sequencing of HBV polymerase; success rates were 111/120 (92.5%) at baseline, 40/46 (87.0%) at 6 months, and 19/19 (100%) at 12 months. HBV DNA levels in samples that failed to yield a PCR product in ≥2 attempts were median 2.2 (IQR 2.0, 2.4) log 10 IU/mL. e HBV RAMs were more prevalent in HBeAg-positive than in HBeAg-negative subjects at both 6 months (P = .029) and 12 months (P < .0001).
contrast, HBV outcomes were poor among HBeAg-positive patients: HBV DNA levels initially declined by 4.5 log 10 IU/mL, then rebounded, coinciding with the rapid emergence of major resistance and compensatory mutations coexisting on the same HBV genomes. Recent reports from Uganda [29] and Nigeria [30] indicate that HIV/HBV coinfection and high HBV DNA levels are predictive of severe liver fibrosis by transient elastography. Together with observations from southern Africa [10, 31] and Tanzania [14] , this implies that a substantial proportion of HIV-infected patients in Blantyre were at risk of progressive liver fibrosis and excess mortality due to poorly controlled HBV coinfection. Suboptimal HBV suppression and emergence of resistance were most evident in subjects that tested HBeAgpositive and had high HBV DNA load at treatment initiation. Although HBeAg-negative subjects generally achieved HBV DNA suppression over 6-12 months of ART, longer follow-up is required to determine their long-term risk of rebound. The concern that widespread use of lamivudine-containing ART without tenofovir in HBV endemic settings may lead to high rates of HBV drug resistance and poor outcomes has been raised previously [3, 5, 10, 32] . Recent studies, however, have reported that HBV drug resistance is infrequent in subSaharan Africa and proposed that the outcomes of lamivudine treatment in the region are distinct from those in Western cohorts. In 4 studies from Cameroon, Zambia, South Africa, and Kenya, the crude incidence of HBV drug resistance (by Sanger sequencing) during lamivudine-containing ART without tenofovir ranged from 3 to 11.5 per 100 person-years [11, 12, 15, 16] . These data are in contrast with those from Malawi, where baseline HBeAg seroprevalence and HBV DNA levels were higher than in the other cohorts, and the incidence of HBV drug resistance (by Sanger sequencing) was 32.4 per 100 person-years. In agreement with our findings, a small study found that 6/21 (29%) HIV/HBV coinfected pregnant women in Malawi had evidence of HBV drug-resistance (by Sanger sequencing) after median 37 weeks of lamivudine-containing ART without tenofovir [19] . There is a preponderance of HBV sub-genotype A1 infections in Malawi [19, 28] , as also observed in Kenya, Zambia, and South Africa [11, 15, 16] . Sub-genotype A1 also circulates in Uganda, Tanzania, Somalia, Yemen, India, Nepal, the Philippines, and Brazil [24] , and the factors modulating its variable virologic expression warrant investigation. Host-related immunological and genetic factors impacting on HBV replication may influence such differences. Of note, in the studies from Kenya, Zambia, and South Africa median CD4 counts at ART initiation ranged between 97 and 132 cells/mm 3 [11, 15, 16] and were therefore similar to those in our cohort. Partly due to the overlapping genomic structure, HBV resistance to lamivudine emerges more slowly than with HIV [33] . Using deep sequencing we obtained a more sensitive assessment of the kinetics of HBV drug resistance than allowed by Sanger sequencing. After 6 months of therapy, M204I was detected in Abbreviations: HBV, hepatitis B virus; ID, identification number; RAM, resistance-associated mutation. a Each subject is indicated by an ID number.
b Subjects with HBV DNA levels ≥300 IU/mL and sufficient stored sample available underwent deep sequencing (≥1% sensitivity), including five subjects at baseline (indicated by *), 17 at 6 months and one at 12 months. None of the baseline samples showed RAMs. The frequency (%) of mutants in the deep sequencing reads is indicated in brackets. The frequency of M204I in Sanger positive vs Sanger negative samples was median 14% vs 7% (P = .05).
nearly all subjects with HBV DNA levels >300 IU/mL. Improved detection of HBV resistance by deep sequencing has been previously reported and shown to carry significance despite initial concerns that some low-frequency variants may be technical artifacts or replication defective APOBEC-induced hypermutants [34, 35] . To reduce misinterpretation, we set the sensitivity of mutant detection at 1%, applied a high read quality cutoff score, and screened deep sequences for evidence of Gto-A hypermutation. In agreement with previous observations [34] , no M204I was found in lamivudine-naive subjects by deep sequencing. At 6 months, M204I frequencies were predictably higher in subjects that also showed M204I by Sanger sequencing than in those lacking the mutation. Consistent with ongoing drug selective pressure however, subjects with both low-and high-frequency M204I at month 6 went on to acquire M204V by Sanger sequencing at month 12. Importantly, we obtained clonal and single full-genome sequences over time in 3 subjects and showed excellent correlation between the different sequencing methods, which has not been previously documented. Thus, the data indicate that after just 6 months of therapy, lamivudine resistance was nearly universal in subjects with persistent HBV viremia, providing a revised estimate of the speed of emergence of HBV resistance to lamivudine in the context of HIV infection. The evolution of resistance followed classic pathways: M204I emerged first (at low HBV DNA load) and was then replaced by fitter variants carrying M204V plus compensatory RAMs (at high HBV DNA load). These mutants have reduced susceptibility to lamivudine, emtricitabine, telbivudine, and entecavir [36] . Two subjects showed the less common pathway M204V + L180M + A181S, which also confers resistance to adefovir and to a lesser extent tenofovir [37] . By deep sequencing, 4 subjects harbored A181T, which reduces susceptibility to tenofovir [36] ; mutant frequencies were low, however, and A181T did not emerge in the Sanger sequences obtained at 12 months, although 1 subject acquired A181S. Thus, most patients in the Malawi cohort are expected to respond virologically to tenofovir [38] , although the outcomes of introducing tenofovir in HIV/ HBV coinfected populations in sub-Saharan Africa have been poorly studied.
There are limitations to this study. As previously reported in sub-Saharan Africa [8, 14] , missed follow-up was common, and after the second visit we had no formal tracing of nonattendance. We lacked a formal measure of adherence and inferred that nearly all subjects who attended for follow-up had good adherence to fixed-dose stavudine/lamivudine/nevirapine based on a suppressed HIV-1 RNA. As sample volumes were small, we were unable to perform deep sequencing in all subjects with HBV DNA >300 IU/mL and to repeat HBeAg testing during follow-up. Due to the very limited local diagnostic infrastructure and the retrospective nature of HBsAg testing, we were unable to measure indices of liver disease other than baseline ALT and correlate the virologic findings with clinical parameters. A more extensive evaluation of liver function including noninvasive measures of liver fibrosis (eg, by transient elastography) is planned.
Recent WHO guidelines have recommended the inclusion of tenofovir in first-line ART in sub-Saharan Africa [20] , and this is now part of national policy in Malawi: at the end of September 2013, 73% of adults accessing first-line ART were receiving tenofovir. These high rates are not universal across sub-Saharan Africa however. Our data provide clear evidence in support of the notion that HBsAg testing should be introduced as part of routine HIV care in sub-Saharan Africa in order to guide ART selection and early adoption of tenofovir and to identify patients that require follow-up of liver disease [39, 40] . Although HBV DNA testing is not routinely available, the introduction of HIV-1 RNA monitoring may provide a platform for expanded access to molecular assays [20, 39] . HBeAg offers a more easily accessible marker for identifying subjects with the highest risk of virologic breakthrough, for whom it is most urgent to abandon the use lamivudine as the sole HBVactive agent.
There has traditionally been poor attention paid to liver disease across sub-Saharan Africa, despite high prevalence of lifelong HBV carriage, and repeated calls have been made to improve ascertainment and management of chronic hepatitis B in the region, targeting people with and without HIV infection [39, 40] . Our data strengthen the case for a rapid implementation of such recommendations. 
